Figure 1. Brain-Specific Expression of Cnr1
Tissue distribution (A) and expression during brain development (B) of mRNA of Cnr1. The upper photographs show hybridization of a Cnr1 probe. Equal amounts of total RNA (20 g per lane) from mouse brains at the indicated stages were electrophoresed and transferred to nylon membranes. The lower photographs show hybridization of a gapdh cDNA probe (Toyobo, Tokyo, Japan).
protein complex with Fyn from the mouse brain. InterestCnr2. The complete deduced amino acid sequences of CNR1 and CNR2 protein products are shown in Figure  ingly , the Cnr1 gene was a member of a novel family of 2A. Clone 294 contained regions that expressed identiCnr genes, which commonly expressed a protein concal amino acids from 549-948 of CNR1. Mouse Cnr1 taining cell adhesion motifs, including six cadherin moand Cnr2 cDNAs were 5323 and 5369 bp in length. CNR1 tifs and an RGD motif in the extracellular domain, and and CNR2 were closely related (78.4% identity and a signal transduction-related motif as PXXP of binding 87.0% similarity between CNR1 and CNR2 at the amino consensus to the SH3 domain. The synaptic membrane acid level). There were many well-conserved gene seis presumed to contain proteins responsible for cell adquences between CNR1 and CNR2. In particular, the hesion and for postsynaptic signal transduction. Both cDNA sequence of Cnr1 downstream from position 2463 of these protein structures are jointly contained in the was completely identical to that of Cnr2 cDNA downmembers of the CNR protein family. Thus, the diversity stream from position 2518 (data not shown). Each amino of the CNR family members suggested that molecular acid sequence deduced from the nucleotide sequences mechanisms that govern cell adhesion and signal transof Cnr1 and Cnr2 revealed single, long open reading duction in synapse membranes may play a role in proframes encoding proteins of 948 amino acids (a calcuducing the differential and diverse neural networks in lated molecular weight of 103,142 Da) and 947 amino the CNS of mammals.
acids (a calculated molecular weight of 102,312 Da). Each signal sequence of 26 amino acids was located at Results the amino terminus of the CNR1 and CNR2 proteins, and another hydrophobic stretch spanned amino acids Isolation of Cnr1 and Cnr2 Genes 693-721 of CNR1 and 892-720 of CNR2 proteins, which To obtain receptors that bind to Fyn in neuronal cells, presumably function as transmembrane regions. CNR1 we screened ‫7.1ف‬ ϫ 10 5 clones of a mouse brain cDNA and CNR2 proteins had the following identical features library by the yeast two-hybrid system using the Fyn ( Figure 2B ). There were three putative N-linked glycosylunique SH3-SH2 domain (noncatalytic domain) as the ation sites and six cadherin-repeat domains comprised bait protein (Kai et al., 1997) . Among the 154 positive of ‫001ف‬ amino acids each forming internal repeats in the clones, the sequence of one, clone 294, contained a putative extracellular domain. Within the first cadherin putative transmembrane domain as a fusion protein with repeat (EC1), there was an RGD (Arg-Gly-Asp) sequence. the Gal-4 activation domain, while clone 294 showed
In the transmembrane and cytoplasmic domains, five weak ␤-galactosidase activity. A database search analycysteines were formed at regular intervals spanning 18, sis of the predicted amino acid sequence of clone 294 9, 9, and 18 amino acid residues, respectively. In the cDNA revealed that it was not identical to any known intracellular domain, there were five PXXP proline-rich protein, and the putative extracellular region of its exmotifs for putative SH3 region-mediated protein interacpressed protein was similar to members of the cadherin tions. A lysine-rich sequence was also found in the carfamily. To examine the tissue distribution and the develboxy-terminal cytoplasmic region. One hundred fiftyopmental profile of the gene, we performed Northern three amino acid sequences in each carboxyl terminus blot analysis using obtained sequences as the probe.
were identical. A transcript of 5.5 kb was exclusively detected in the The deduced amino acid sequences of the internal brain, in regions such as the forebrain and cerebellum cadherin repeats in the extracellular domains of CNR1 ( Figure 1A) . It was present from embryonic day 15 to and CNR2 were aligned with those of protocadherin postnatal day 60 in the total brain ( Figure 1B ). The ex-2 and N-cadherin ( Figure 2C ). The negatively charged pression of the mRNA from this gene in the brain was amino acids containing the DXD, DRE, and DXNDNAPXF highest at postnatal day 10, was reduced at postnatal sequence motifs, which are the major conserved motifs day 30, and was again increased in the adult stage.
among typical cadherin families, were well conserved A full-length cDNA was isolated by screening a in the internal repeats of CNR1 and CNR2. The repeats of C57BL/6 mouse brain cDNA library using clone 294 CNR1 and CNR2 contained the more conserved motifs, cDNA as a probe, and the gene was named Cnr1. At which are typically found in protocadherins. The DXD XGXN and AXDXGXPXL motifs, and the glycine residue the same time, we also isolated another cDNA, named in the middle of the repeat (except for repeats EC2 and performed immunoblot analysis with mAb 6-1B for the P2, synaptosome, and PSD fractions after a single and EC4), were the additional conserved features among CNRs and the protocadherin family. Of the known caddouble wash with Triton X-100 prepared from adult mouse brains. The purity of the PSD fractions was quanherin proteins, that which exhibited the highest identity to the extracellular domains of CNR1 and CNR2 was tified using anti-NMDA receptor ⑀1 and ⑀2 subunits, and anti-PSD95 antibodies, because these have been shown protocadherin 2 ‫%73ف(‬ amino acid sequence identity). The amino acid sequence identity of the extracellular to be highly concentrated in the PSD fraction (Cho et al., 1992; Moon et al., 1994) . CNR1 and Fyn levels were domain of CNRs to classic cadherins was ‫.%32ف‬ No similar protein sequences were found in the cytoplasmic also quantified on the same immunoblot ( Figure 3D ). The 160 kDa band corresponding to CNR1 protein was domain of the CNRs.
highly concentrated in the Triton X-100 twice-washed PSD fraction using mAb 6-1B ( Figure 3D ) and anti-CNR1 Profiles of CNR1 Protein antiserum (data not shown). This PSD fraction was a To investigate the profiles of CNR1 at the protein level, mixture of pre-and postsynaptic membrane; therefore, we obtained both rabbit antiserum and mouse monothis result indicated that CNR1 was concentrated in pre clonal antibody (mAb) 6-1B against the extracellular door/and postsynaptic membrane. main of CNR1. The epitope of mAb 6-1B (identified as
The mAb 6-1B antibody was used to visualize the a mouse IgM) was localized from amino acids 557-571 CNR1 protein in sections of fixed mouse brain. Light between EC5 and EC6 domains. The developmental microscopy showed that CNR1 was labeled in neuropil changes of CNR1 protein were consistent with the regions and dendrites in the adult neocortex ( Figure 4A ). mRNA levels detected ( Figure 3A ). Two bands of ‫061ف‬
When visualized at high magnification by confocal laser kDa were detected at postnatal days 0-7 (P0-P7) in scanning fluorescence microscopy in the 3-week-old mouse brain homogenate. The epitope of this mAb 6-1B neocortex, labeling was most intense in small discrete could bind to relatively conserved regions among the spots along the dendritic and varicose fibers (Figure CNR family ( Figure 6) ; therefore, an additional band 4B), consistent with the possibility that CNR1 is highly might be derived from the other type of CNR family concentrated in the synapse. At the electron microproducts expressed during early postnatal stages. The scopic level, we used the postembedding immunogold size discrepancy between the predicted molecular weight, labeling method. We detected CNR1 signals between 103,142 Da, and the 160 kDa size deduced from the gel synaptic junctions as clusters distributed in a part of might be due to glycosylation, because three potential the synapse ( Figures 4C-4G ). Since mAb 6-1B antibody N-linked glycosylation sites were found in the putative reacted in the extracellular domain of CNR1, the labeling extracellular domain of CNR1.
pattern suggested that CNR1 was a synaptic membrane To confirm the protein complex between CNR1 and protein. The labeled synapses were relatively small and Fyn in the mouse brain, we performed immunoprecipitamay be immature synapses. These results suggest that tion analysis using the mouse anti-Fyn monoclonal anti-CNR1 is a novel synaptic protein in the CNS. body ␥C3. The ␥C3 antibody was coupled to protein G beads and incubated with mouse brain extract. The immune complexes were resolved by SDS-PAGE and Cnr1 and Cnr 2 Constitute a Novel Cadherin-Related Multigene Family transferred to a nitrocellulose filter. The immune complexes contained a 160 kDa protein, which was detectThe sequences of Cnr1 and Cnr2 are well conserved. To investigate other potential gene homologs, we perable using both mAb 6-1B ( Figure 3B ) and antiserum (data not shown). Thus, CNR1 appeared to form a proformed genomic Southern blot analyses using the conserved 5Ј and 3Ј sequences between Cnr1 and Cnr2 as tein complex with Fyn in the mouse brain.
To gain further insight into the nature of the interaction probes. The 5Ј probe hybridized to ‫02ف‬ genes, but the 3Ј probe hybridized to only three or four genes after between CNR1 and Fyn, we used a transient complementary DNA expression system in Neuro2A cells. Neuthe mouse genomic DNA was completely digested with each restriction enzyme ( Figure 5A ). These results sugro2A cells were cotransfected with a full-length or mutant lacking the putative cytoplasmic region of CNR1 gest that the 5Ј end of Cnr genes are diverse in the mouse genome. To confirm this, we performed a library (CNR1dCP) and Fyn expression plasmids. Coimmunoprecipitation analysis showed that Fyn was associated screening of the mouse genome with a 5Ј probe. We detected ‫02ف‬ positive clones per genome (data not with CNR1, whereas no association was detected between CNR1dCP and Fyn ( Figure 3C ). This indicated shown), suggesting that the Cnr gene family consists of multiple genes, which differ at least in the 5Ј region. that the cytoplasmic domain of CNR1 could bind to Fyn.
When we transformed Cnr1 expression vector into L1 To identify these putative members of the Cnr family, we performed RT-PCR with two primers derived from and Neuro2A cells, protein distribution of CNR1 was different from those of classical cadherins and protothe EC1 and cytoplasmic domains, containing highly conserved sequences between Cnr1 and Cnr2; we also cadherin; namely, CNR1 protein was concentrated in the endoplasmic reticulum and Golgi but less in the used RNAs from mouse brain (P0 or P30) for this. The expected length of products of ‫8.2ف‬ kb were cloned plasma membrane in L1 and Neuro2A transfectants (data not shown). Therefore, assay of the cell adhesion into the pBluescriptII SK(ϩ) vector. Sequence analysis was performed on 40 clones from P0 brain and 32 clones activity of CNR1 will require other experimental approaches.
from P30 brain; from these clones, we found six novel sequences designated Cnr3, Cnr4, Cnr5, Cnr6, Cnr7, To establish the subcellular location of the CNR1, we and Cnr8. Figure 6 shows alignments of deduced amino
To examine whether each Cnr gene corresponds to a distinct genomic DNA, we produced noncross-hybridizacid sequences of CNR1-CNR8, respectively. The similarity of each CNR at the amino acid level varied from ing probes for each Cnr gene derived from the EC2 and EC3 domains and performed genomic Southern analy-53%-80%. The RGD motif in the EC1 domain, characteristic cysteine repeats of the transmembrane and cytosis. Using these probes, one or two bands of distinct size were detected ( Figure 5B ). Probes of Cnr1, Cnr2, plasmic domains, and PXXP motifs in the cytoplasmic domain were well conserved for all of the CNRs. Interestand Cnr4 hybridized to two or three bands. Because the band sizes were different from those of Cnr1-Cnr8 ingly, 153 amino acid sequences at the C terminus of the cytoplasmic domain were identical among all CNR genes, these probes hybridized to other uncharacterized Cnr family genes. family members. Different sequences in each CNR were identified in the EC2, EC3, amino and carboxyl termini of the EC6, and cytoplasmic domains. The obtained
Cnr Family Genes Are Expressed in Mouse Brain
Although Cnr1 was grossly expressed in forebrain and eight CNRs form a novel family branch. Hence, Cnr1 and Cnr2 form part of a novel cadherin-related multiple cerebellum, it was not known where in the brain each member of the Cnr family was expressed. To address gene family. (A) Amino acid sequences of the murine Cnr1 and Cnr2 genes. Alignment of the deduced amino acid sequences of CNR1 and CNR2. The RGD motif, the PXXP motif, and cysteine repeats appearing at regularly spaced intervals spanning 18, 9, 9, and 18 amino acid residues are boxed with shadows. The sites for N-linked glycosylation are underlined. Abbreviations: SIG, signal peptide; EC, extracellular domain; TM, transmembrane domain; and CP, cytoplasmic domain. The nucleotide sequence data of Cnr1 and Cnr2 are available from DDBJ/EMBL/ GenBank under accession numbers D86916 and D86917, respectively. (B) Schematic structural comparison of CNR1 and CNR2 with protocadherins and classical cadherins. The RGD motif, the cysteine repeats, and the five PXXP motifs are shown. The lysine-rich sequences in the C-terminal region are shown in hatched boxes. The long sequence of more than 15 amino acid residues conserved between CNR1 and CNR2 is underlined with a thick bar at the bottom of the structure of CNR2. Abbreviations: S, signal peptide; EC, extracellular domain; TM, transmembrane domain; and CP, cytoplasmic domain. (C) Alignment of internal cadherin repeats in the extracellular domains of CNR1, CNR2, protocadherin 2, and N-cadherin. The white letters on a black background represent the well-conserved residues. Consensus repeats are shown at the bottom of the sequences. The negatively charged amino acids containing the DXD, DRE, and DXNDNAPXF sequence motifs are underlined by thick lines below the consensus sequence. The DXDXGXN and AXDXGXPXL motifs and the glycine residue in the middle of the repeat, except for the EC2 and EC4 regions, are underlined by thin lines below the consensus sequence. Homology of EC1 between CNR1 and protocadherin 2 is high. The RGD motifs in the EC1 region of CNR1 and CNR2 are boxed with shading. this question, we carried out in situ hybridization expericerebellum, and olfactory bulb, but the signals of Cnrs were relatively low compared with that of fyn. In neocorments using mouse brain. This revealed similar distributions of Cnrs and fyn mRNAs in the adult mouse brain tical layers, signals were diffusely distributed. In hippocampus, stronger signals appeared in the pyramidal cell (Figure 7) . Each mRNA appeared in a similar pattern and could be detected in the neocortex, hippocampus, layer of CA1 and in the granule cell layer of dentate gyrus, but signals were weaker in the pyramidal cell This strongly suggested that different neurons must express different sets of Cnr genes; however, conclusive layer of CA3. In cerebellum, signals were intense in granule cell and Purkinje cell layers, but the molecular cell proof will require other experimental approaches. layer was not labeled. In olfactory bulb, label was strong in the mitral cell layer and in granule cells and diffuse Discussion in the glomerular layer. While fyn and Cnrs were grossly similar in their distribution in the adult brain, fyn was Fyn couples to multiple proteins and participates in transducing the extracellular signal into the cytoplasm detected more in thalamus and the CA3 cell layer of hippocampus. No specific hybridization signals were (Samelson et al., 1990; Burkhardt et al., 1991; Umemori et al., 1994; Swope and Huganir, 1994; Atkinson et al., observed by competition with unlabeled probes as a control (data not shown).
1996; Rabinowich et al., 1996; Beggs et al., 1997) . Gene disruption analyses reveal that Fyn is involved in a numAlthough each Cnr gene was expressed in similar brain regions, we further questioned whether each gene ber of mechanisms that determine several mammalian behaviors by regulating synaptic function (Grant et al., expresses its product in the same neuron or in different neurons. To address this, we performed in situ hybridiza-1992; Yagi et al., 1993a; Miyakawa et al., 1996 Miyakawa et al., , 1997 . However, since the CNS is a diverse and complex systion by digoxygenin-labeled RNA probes from each specific EC2 and EC3 region; each probe region was the tem, little is known of how receptors are coupled with Fyn. We hypothesize that Fyn is coupled with a family same as those of Figure 5B . Figure 8 shows the labeling patterns of individual neurons in the olfactory bulb. Usof proteins found in multiple types of receptors during synapse formation, and that the molecular diversity of ing each probe, 30%-70% of periglomerular, 70%-90% of tufted, 90%-95% of mitral, and 30%-60% of granule these proteins imparts specific cell surface properties to neurons or synapses, one of which may be differential neurons were randomly labeled. There were also unlabeled neurons for each probe. Thus, each Cnr gene is cell-cell recognition. In this study, we isolated a Cnr1 molecule that possessed a weak positive activity in a restricted at the single neuron level. Relatively intensive and wide labeling appeared in the primary output neuyeast two-hybrid system. We then attempted to test three corollaries of our hypothesis. First, the CNR1 prorons of tufted and mitral neurons. Stronger and wider labeling patterns using mixtures of probes suggested tein is localized in the synaptic junction and forms a protein complex with Fyn in brain. Second, Cnr1 constithat an individual neuron expresses several types of Cnr genes ( Figure 8I ). Thus, different neurons must express tutes a member of a novel Cnr family, which contains as many as 20 different genes. Third, in view of the different sets of Cnr genes.
To further confirm differential expression patterns of complexity of neurons and synapses, a molecule that specifies neuronal interactions should occur in many this family, we performed double labeling in situ hybridization in the periglomerular neurons with probes of independent forms. We have now shown that the products of the eight Cnrs are differentially distributed at an CNR2 (red) and CNR5 (green). Thirty-seven of forty-eight labeled neurons (78%) were labeled by both green and individual neuron level. Thus, the CNR products have the requisite diversity to serve as functional markers on red, while six (13%) and five (10%) were prominently labeled by red or green, respectively (Figures 8J-8L ).
neurons and/or synapses. Structure of the Novel CNR Family Proteins the EC1 domain, which is conserved, has been suggested to be responsible for cell adhesion activity The extracellular domain of the members of the novel CNR family has six cadherin repeats; these repeats me- (Blaschuk et al., 1990) . The EC1 domains are well conserved among the CNR family members, and an HLE diate calcium-dependent cell adhesion through homophilic binding interactions and function in selective cell tripeptide between the DRE and DXNDNXPXF motifs is conserved instead of the HAV motif of classical cadheradhesion in a wide variety of systems (Takeichi, 1990; Gumbiner, 1996) . Conserved DXNDNXPXF and DXD ins. The homology may induce heterophilic intramolecular binding. motifs, which constitute putative calcium-binding sequences, are also conserved among the EC2-EC5 do-
The cytoplasmic domain of the CNR family is well conserved but is not homologous to that of classical mains of the CNR family members. Thus, we speculate that the CNR family may be calcium-dependent cell adcadherins, protocadherins, or other known cadherins. It is known that the cytoplasmic domain of classical hesion molecules and may function in selective cell-cell interaction.
cadherins exhibits a high degree of homology, and the search for the biological function associated with this Studies of classical cadherins have revealed that binding specificity resides in the EC1 cadherin repeat structural conservation led to the identification of catenins as cytoplasmic anchorage proteins (Nagafuchi and domains (Nose et al., 1990; Shapiro et al., 1995) . An HAV tripeptide between the DRE and DXNDNXPXF motifs of Takeichi, 1989; Ozawa et al., 1989) . Considering the 
, or a mix of the eight probes (I) were annealed to a coronal section of the olfactory bulb from mouse. Black and white triangles unique structural features of the CNR family, its involve-CNR Family Members As Synaptic Proteins CNR1 protein, a member of the CNR family, was concenment in the cell adhesion mechanism and the cytoplasmic signal transduction may differ from that of clastrated in the PSD fraction and localized in synaptic junction of the adult mouse brain. The PSD, which is comsical cadherins. Within the consensus sequence of the cytoplasmic domain of the novel CNR family, there are prised of submembranous cytoskeletal elements of the postsynaptic structure of synapses, contains adhesion four PXXP motifs. This PXXP motif is the minimal consensus sequence for SH3-binding sites and has been molecules between pre-and postsynaptic membranes, neurotransmitter receptors, and several signal transdiscovered in a number of proteins involved in signaling pathways (Ren et al., 1993) . The SH3 domain is homoloduction proteins, such as Fyn. Mice in which PSD proteins are disrupted show malformation of LTP and abgous to the Src family and is also contained in Fyn protein. The protein complex between the cytoplasmic normalities in learning and in several other behaviors, indicating that the proteins present in the PSD fraction region of CNR1 and Fyn ( Figure 3C ), and the four PXXP motifs in identical cytoplasmic regions of different CNR are critical to synaptic plasticity. Since CNR family members include motifs involved in both cell adhesion and family members, suggest that each member commonly mediates signal transduction with Fyn. Hence, diverse signal transduction, they are candidate molecules relevant to synaptic connectivity and plasticity. The mechaextracellular signals brought to CNR family members may be mediated by a common cytoplasmic signaling nisms contributing to synaptic forms of plasticity are still a topic of intense debate. One proposed hypothesis with Fyn.
The cytoplasmic and the transmembrane regions of is that specific patterns of activity could lead to modifications of synaptic structures (Geinisman, 1993 ; Edwards, the CNR family members contain five conserved cysteine residues appearing at regular intervals spanning 18, 1995) and, eventually, to changes in synaptic connectivity (Bailey and Kandel, 1993; Weiler et al., 1995) . In line 9, 9, and 18 amino acid residues. Two cytoplasmic cysteines can function in protein-protein interactions by with the hypothesis of structural reorganization at the synapse, it is reported that NCAM, NCAM-linked polysiforming an ionic bond with a cation. Regularly spaced cysteine residues may form homo-or heteropolymers alic acid (PSA), and L1 contribute to synaptic plasticity (Mayford et al., 1992; Luthl et al., 1994; Muller et al. , of the CNR family members via lateral interactions. In C-cadherin, it has been reported that lateral dimerization 1996). The members of our novel CNR family are also candidates in line with this hypothesis, because the is required for homophilic binding activity (Brieher et al., 1996) . A cis-strand dimer model is postulated to CNR1-binding protein, Fyn, mediates the induction of LTP in CA1 and olfactory bulb synapses (Grant et al., be dependent on tryptophan in position 2 in classical cadherin domains (Shapiro et al., 1995) . The dimers are 1992; Kitazawa et al., 1998) , and CNR family members possess cell adhesion motifs in the extracellular domain. predicted to form through the lateral interaction of two cadherins extending from the same cell surface. In this Recently, Fyn was found to perform tyrosine phosphorylation of NMDA receptors ⑀1 and ⑀2 (Suzuki and Okumodel, the lateral dimer interfaces are formed through hydrophobic interactions between the two monomers. mura-Noji, 1995; Miyakawa et al., 1997) . Therefore, signal transduction by CNR family members may regulate In the CNR family members, dimerizations producing homo-or heterodimers may occur through cytoplasmic NMDA receptor function through Fyn. We must further examine the molecular function of CNR family members cysteine residues. If a heteromultimer can form and be recognized specifically for cell adhesion, twenty individrelative to their role in synaptic plasticity. Since N-and E-cadherins are also localized to synapual types of CNR molecules can result in the production of 400 or 8000 specific recognition units by forming tic complexes in a mutually exclusive distribution (their distributions do not colocalize or overlap at the same dimers or trimers, respectively. In situ hybridization suggested that several sets of Cnr genes were expressed synaptic complexes), cadherins may in part fulfill many of the conditions of the Sperry hypothesis (Fannon and in an individual neuron (Figure 8) .
In differentiated neurons, CNR1 protein was distribColman, 1996; Uchida et al., 1996) , which postulates the existence of matching chemical specificities for neurons uted in synaptic membrane ( Figures 4C-4G ) and membranous organelles (data not shown) by electron microsthat link up with one another during development (Sperry, 1963) . CNR family members may also fulfill these condicopy. Overexpressed CNR1 protein in L1 and Neuro2A cells was concentrated in the endoplasmic membrane.
tions. In particular, CNR family members were differentially expressed in individual neurons, even in the same During neuronal differentiation, transported organelles containing several synaptic proteins are transported brain region. This novel CNR family is a cadherin-related family found to be restricted to a portion of neurons of from cell body to synapse (Okada et al., 1995; Bradke and Dotti, 1997) . The CNR family, differing from classical the same type. Cadherins are locally expressed, particularly in developing brain nuclei, fiber tracts, and neural cadherins, might be selectively transported to an individual synapse by separate transported organelles.
circuits, but as a whole are expressed in the same types 
Experimental Procedures
of neurons (Redies, 1995; Matsunami and Takeichi, 1995) . This evidence suggests that synaptic connec-
Isolation of cDNAs of Cnr Family
tions by cadherin family members are divided into two
The clone 294 was isolated by means of a two-hybrid yeast system types: one is along different neural tracts as in the case (Kai et al., 1997) . Northern blot analyses were performed on total of classical cadherins, and the other is along differential RNA isolated from several tissues in adult mice or from brains at several developmental stages with a randomly tors for finding the appropriate target (Mombaerts et al., 1996) . These results suggest that the diversity of
Production of Monoclonal Antibodies and Antiserum
connections in neural networks might be generated and
The gene for the extracellular domain of CNR1 (amino acid residues organized by the diversity of certain neuronal receptors.
40-680) was trimmed and cloned in-frame into the EcoRV site of Thus, diversity among homologous receptor molecules pET32 (Novagen) (for the production of the thioredoxin-A-CNR1EC may be involved in specified or selective cell-cell recog- rons, and therefore, the diversity of Cnr family genes For monoclonal antibody production, 100 g of the purified trxAmight induce differential cell differentiation, synaptic CNR1EC fusion protein was injected into the peritoneal cavities of connections, or neural networks in the mammalian CNS.
pathogen-free 8-week-old female mice every 10 days. Three days after subsequent booster immunization, the dispersed splenocytes
Our data suggest that the advantages afforded by 1 mM aprotinin, 1 mM pepstatin, and 1 mM leupeptin. The homogeImmunohistochemistry CD-1 mice (3 or 7 weeks old) were deeply anesthetized and perfused nate was centrifuged at 1,000 ϫ g for 10 min at 4ЊC. The supernatant with Zamboni's fixative (Zamboni and DeMartino, 1967) . Frozen secwas collected and centrifuged at 13,800 ϫ g for 20 min at 4ЊC. The tions of the brains were cut with a cryostat and incubated with 50% pellet (P2 fraction) was rehomogenized in 3 vol of solution B (0.32 ethanol diluted in PBS. The 40 m sections were incubated with M sucrose, 1 mM NaHCO 3 [pH 8.3], 1 mM pABSF, 1 mM aprotinin, conditional medium containing mAb 6-1B at 4ЊC overnight. Sections 1 mM pepstatin, and 1 mM leupeptin). The rehomogenized P2 fracwere incubated with biotinylated goat anti-mouse IgM (Vector) and tion was further purified on a discontinuous sucrose density gradithen with peroxidase-conjugated avidin. The peroxidase deposit ent. The rehomogenized P2 fraction was layered on top of a tube was revealed with 0.06% ammonium nickel sulfate, 0.02% diaminocontaining 0.85, 1.0, and 1.2 M sucrose solutions (all containing 1 benzidine, and 0.005% hydrogen peroxide in PBS. For fluorescein mM NaHCO3 [pH 8.3], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, analysis, the 5 m sections were treated with mAb 6-1B at 4ЊC and 1 mM leupeptin), and the tube was centrifuged at 82,500 ϫ g overnight. The antibodies were diluted in Triton buffer (0.5% Triton for 2 hr at 4ЊC (Beckman SW 27 swing rotor). The band between X-100 and 1% BSA in PBS). Antibodies were visualized with fluores-1.0 and 1.2 M sucrose was collected as the synaptosome fraction cein-conjugated goat IgG directed against mouse IgGϩM diluted and diluted with ice-cold 80 mM Tris-HCl (pH 8.0). An equal volume 1:100 in Triton buffer. Mounted sections were examined with a Zeiss of ice-cold 1% Triton X-100 was added, and the diluted material laser scan microscope. was rotated for 15 min at 4ЊC and centrifuged at 32,000 ϫ g for 20
Brain tissue from CD-1 mice (3 weeks old) was processed for min. The pellet was resuspended in 0.5% Triton X-100 buffer (0.5% immunoelectron microscopy according to an osmium-free method Triton X-100, 40 mM Tris-HCl [pH 8.0], 1 mM pABSF, 1 mM aprotinin, of epoxy resin embedding (Phend et al., 1995) . In brief, the mice 1 mM pepstatin, and 1 mM leupeptin), and the suspension was were deeply anesthetized and transcardially perfused with fixative centrifuged at 201,800 ϫ g for 1 hr. The pellet was used as the PSD (2.5% or 1% glutaraldehyde, 0.5% paraformaldehyde, and 0.1% (One Triton) fraction. This pellet was resuspended and incubated a picric acid in 0.1 M phosphate buffer). The brain was removed and second time in 0.5% Triton X-100 and then centrifuged at 201,800 ϫ postfixed in ice-cold fixative for 2 hr. Fifty micrometer sections g for 1 hr to obtain the PSD (Two Triton) pellet.
through the cingulate cortex were cut with a vibratome and collected in phosphate buffer. The sections were sequentially incubated in Immunoprecipitation 1% tannic acid and 1% uranyl acetate in 0.1 M maleate buffer and The pellet (P2 fraction) was rehomogenized with a Dounce homogethen immersed in ethanol followed by 1% p-phenylenediamine in nizer in 10 vol of RIPA buffer (0.15 M NaCl, 1% Triton X-100, 20 mM ethanol. The sections were dehydrated and embedded in Epon 812. Tris-HCl [pH 7.5], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, 1
Ultrathin sections were treated with 1% periodic acid for 10 min, mM leupeptin, and 1 mM Na3PO4), and the homogenate was left on rinsed with Tris-buffered saline containing 0.1% Triton X-100 (TBST) ice for 15 min, followed by centrifugation at 15,000 ϫ g for 30 min and incubated with 10% normal goat serum and 0.1% bovine serum at 4ЊC. The supernatant was collected and incubated with 100 ml albumin for 20 min. Then, the sections were incubated in mAb 6-1B of a 50% suspension of protein G-Sepharose 4B beads for 2 hr at antibody containing 0.1% Triton X-100 overnight. After rinsing in 4ЊC to remove proteins nonspecifically bound to the beads. The TBST, the sections were incubated with 10 nm gold-coupled goat supernatant was collected and incubated overnight with ␥C3 (Yasuanti-mouse IgM (dilution 1:10; BioCell Research Laboratory, Cardiff, naga et al., 1996) bound to protein G-Sepharose 4B beads. The UK) for 2 hr. Standard controls (omission of primary antibody) were beads were centrifuged at 1,000 ϫ g at 4ЊC for 1 min and washed run in parallel. The sections were rinsed, dried, and counterstained five times with 20 vol of RIPA buffer. The bound proteins were eluted with uranyl acetate and lead citrate and then examined using an H-7000 electron microscope (Hitachi). by 50 ml of 2ϫ SDS sample buffer for SDS-PAGE analysis.
XhoI-HindIII (3.1 kb) or XhoI-AgeI (2.3 kb) fragments of Cnr1 cDNA In Situ Hybridization were blunted and cloned into the EcoRV site of the Miw vector Brains were removed from the skulls of mice under ether inhalation (Suemori et al., 1990) to produce the expression vectors of CNR1 and frozen in powdered dry ice. Sagittal or three frontal sections or of CNR1dCP (amino acid residues 1-738 of CNR1), i.e., (20 m thick) were prepared using a cryostat and mounted on glass pMiwCNR1 or pMiwCNR1dCP, respectively. Neuro2A cells were slides. In situ hybridization was performed on the sections as detransfected with the Fyn expression plasmid, pAct-hfyn/myc (Watascribed (Watanabe et al., 1992) . The antisense oligonucleotide nabe et al., 1995), and pMiwCNR1 or pMiwCNR1dCP were transprobes are complementary to fyn 5Ј-GGTACCCAGAGCTCTGGTT fected by the lipofectamine method (GIBCO-BRL). The cells were CAGGCTGCCGTCCCTCTCCTCTGTCA-3Ј, Cnr1 5Ј-AGAGGAATCCT collected 48 hr after transfection, and coimmunoprecipitation analy-CTGCAGACTGCAATTGATCCTCTCTGTCCCTTGA-3Ј, Cnr2 5Ј-GAG sis was performed as described above. Expression of transfectants CAATGATCGTCGTTCAAATCCTGATGCTCACCCACAACCGGA-3Ј, was confirmed by immunoblotting with mAb 6-1B. For cell aggregaCnr3 5Ј-TCTCTTGCTGGACTCCACTATCTCCAGAACCCAAACCAG tion assay, we used L1 (Nagafuchi and Takeichi, 1989) and Neuro2A GAGGAA-3Ј, Cnr4 5Ј-GCCTCTGATCCACTCTGGAGGCTCCAGCT cells, which were transfected with pMiwCNR1.
GACACCTTAGATGAGA-3Ј, Cnr5 5Ј-GTTCTACCTGCCTTTCTCTCT GACATGTGTCCTCTGCAGAGCCTA-3Ј, Cnr6 5Ј-TATCAGCGTG Immunoblot Analysis GAGTCTGAACCAGAGGTTCCAACCAACACCCTGGA-3Ј, Cnr7 5Ј-The protein concentration of each supernatant was quantified by GA C TC TGA CT C CT GT CT TT CC C TT TC A TC T CT AC CC A GGT the CBB protein assay reagent (Nakarai Tesque). SDS-PAGE was TGGGA-3Ј, and Cnr8 5Ј-GCACGTCTCCTCCAACAGAATGACTTT performed using a 7.5% gel in a discontinuous Tris-glycine buffer CCATTCCCACTTCGGCCA-3Ј. system, and proteins were electrophoretically transferred to the In situ hybridization at the level of individual neurons was pernitrocellulose filters. The filters were treated with 10% skim milk in formed as described previously (Schaeren-Wiemers and Gerfin-TBS (Tris-buffered saline: 150 mM NaCl and 50 mM Tris-HCl [pH Moser, 1993) using Cnr1-Cnr8 as templates to synthesize digoxy-7.5]) for blocking and incubated for 1 hr at room temperature with genin-labeled cRNA probes. Sequences corresponding to the same mAb 6-1B, ␥C3 (Yasunaga et al., 1996) , or anti-PSD-95 (ABR) anticDNA regions as the Southern blot with specific probes were used. bodies, or with antiserums against CNR1, NMDA receptor ⑀1, or Double labeling was performed using Cnr2 and Cnr5 as templates NMDA receptor ⑀2, which are diluted with 3% skim milk-TBS; this to synthesized digoxygenin-and fluorescein-labeled cRNA probes, was followed by treatment with biotinylated sheep anti-mouse IgG respectively. The hybridized sections were treated with anti-digoxy-(Amersham), biotinylated sheep anti-rat IgG (Amersham), or biotinylgenin sheep antibody and anti-fluorescein rabbit antibody. cRNAs ated sheep anti-rabbit IgG (Vector) for 1 hr at room temperature.
were visualized with Cy3-conjugated anti-sheep IgG or FITC-conjuAfter the immunoreaction, the filters were washed with TBS and gated anti-rabbit IgG. Mounted sections were examined with a Zeiss incubated for 30 min with streptoavidin-conjugated alkaline phoslaser scan microscope. phatase (Amersham) in 3% skim milk-TBS. The filters were washed in TBS and were developed in alkaline phosphatase buffer (10 mM Acknowledgments ethanolamine, and 5 mM MgCl2 [pH 9.5]) containing 1.67 g/ml of nitroblue tetrazolium (Sigma) and 0.83 g/ml 5-bromo-4-chloro-3-We thank Masatoshi Takeichi, Akira Nagafuchi, and Kenji Sakimura for providing Neuro2A, L1 cells, and antibodies against NMDAR ⑀1 indolyl phosphate (Amresco).
